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Atmospheric Attenuation in Decibels
Exceeded for p Percent of All Hours in an Average Year
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Predicted total attenuation, T,(f) in decibels, versus frequency for an earth/space
path. The earth-station elevation angle is 6=27°. The p=50% curve is that for clear-
sky conditions. The curves for 1l<p<20% show the added effects of clouds. For p=l%
the increased attenuation is dué to rainfall,




corresponds to moderate rainfall (15 mm/hr); the p=0.01% corresponds to a
heavy rainfall (60 mm/hr). Although these curves are for an average year,
‘ the year-to-year variation with rainfall can be determined from the year-to-
J year variability (Dougherty and Dutton, 1978; Dutton and Dougherty, 1979).
l For other values of the elevation angle © and for percentages of 1%
| or greater, the values T(p,9) may be determined from the T(p, 0=27°) in

Figure 2 by
T(p,98) = 0.454 1(p,0=27°) ecscOb , p 1%, 6>5°. (15)

The limitation 0>5° avoids atmospheric stratification effects and other
considerations [Dutton and Dougherty, 1973]. Table I lists the total attenua-
tion values for other elevation angles and for selected frequencies and per-

centages of an average year.

2.5. Phase Delays
The phase delays in (4) due to clear air, clouds, and precipitation

(turbulence not included) can be shown to be given approximately by

3 (5) = 107k f N_ %+ 1070 [ e as - 3+ DO(E) (16a)
o o - Ta
and - r
2 .(0) + @ (f) = £ 9, (£)dL + 10'61<o £ m’(£) d% (16b)
in radians. Here:
Na is the portion of the clear air refractivity which is frequency

independent (Bean and Dutton, 1968),

AN(f) is the dispersive or frequency dependent portion of the clear
air refractivity (Liebe, 1969),

m;(f) is the increase in the (equivalent) vrefractivity of the
atmosphere when it is raining (Zuffery, 1972), and

¢C(f) is the phase-delay coefficient (rad/km) due to clouds

(precipitating or non-precipitating).
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TABLE I

Atmospheric Attenuation, Tr(f) In Decibels, For An Earth/Satellite System At
Selected Frequencies, As A Function Of Initial Elevation Angle 80, And For p
Percent Of An Average Year Near Washington, DC

Frequency
f, GHz

30

25

22,235

20

15

10

Initial Angle
60, deg.

15
30
45

15
30
45

15
30
45

15
30
45

15
30
45

15
30
45

Percent Of An Average Year, p
0.01 0.1 1 10 50

126.2828 77.3162 51.5731 41.1809 14.3891
98.9060 35.0715 18.8881 14.8613 5.1198
78.3634  18.4662 9.8492 7.7474 2.6658
74.8127  13.0725 6.9739 5.4854 1.8871

89.5768  55.4456  37.0657 31.1031 13.6338
69.6324  24.6697 13.5210 11.1932 4.8336
55.0351 12.8984 7.0493 5.8339 2.5158
52.8559 9.1308 4,9913 4.1305 1.7807

74,2669  47.1732  32.4512  28.5570 15.5561
56.5152  20.5867 11.7833  20.2486 5.5120
44,3149  10.7310 6.1416 5.3402 2.8687
42.7171 7.5964 4.3483 3.7808 2.0305

58.0667 36.0622 23,9755  20.4607 9.7059
45.2487  15.8805 8.7305 7.3586 3.4421
35.6111 8.2701 4,5516 3.8352 1.7916
34.7351 5.8544 3.2228 2.7154 1.2682

32,3261 19.8253 12.8626 10.7374 4.6102
25.7103 8.7888 4.6974 3.8741 1.6453
20.1184 4.5859 2.4497 2.0199 0.8570
20.1902 3.2464 1.7346 1.4302 0.6067

14.0668 8.8920 6.1078 5.2957 2.7222
10.3624 3.7589 2.2253 1.9122 0.9745
8.3827 1.9584 1.1606 0.9971 0.5077
7.4664 1.3865 0.8218 0.7060 0.3595
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The first term of (l6a) can be evaluated in the Washington, DC area to be
(Bean and Thayer, 1963)

r
o, () = 107%_ [ N a2 = 2.096x10°¢ csc 0, (17)
a o]

where O is the earth-station antenna elevation angle and f is the trans-
mission frequency in gigahertz. The second term of (16a) can be evaluated

in radians using mean atmospheric conditions and a Lorentz line-shape
(Liebe, 1969).

T f(f -f)
k, [ AN(£)d? = 0.1731 zq— csc 0. (18)
o (fq-f) +0.0984

-6

A@N(f) = 10

The frequency f is in gigahertz and fq=22.23515 GHz is the water-vapor

resonance line. The phaée delay (in radians) due to cloud is

2
?_(£) £ ¢, (£) d% (19a)

and 2
(C-1) (C+2) + D (19b)

2.15(10) "¢ .
(C+2) + D

6, (£)

in radians per kilometer. Again, the frequency f is in gigahertz and the
parameters C and D are as defined by (11).

The total phase delay in excess of the first term of (4), kor in radians,
is listed for an earth-space path and for selected values of elevation angle

and frequency in Table II.

3. ATTENUATION AND PHASE DELAY ESTIMATES FOR 45 TO 350 GHz
Estimates of the clear-sky attenuation and phase delay for the frequency
range 45 to 130 GHz for various initial elevations (h<0) within the atmo-
sphere, and for zenith (6=90°) or horizontal (6=0°) paths are available in
detail [Liebe, 1969; Liebe et al., 1977].
For the frequency range from 130 to 350 GHz, the major contributions to
the clear-sky attenuation (absorption by the gaseous atmosphere) are primarily

caused by absorption at the water-vapor resonance lines in the vicinities of
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TABLE II

Atmospheric Phase-Delay, ®.(f)-k,r In Radians, For An

Earth/Satellite System

At Selected Frequencies, As A Function Of Initial Elevation Angle 90, And For
p Percent Of An Average Year Near Washington, DC

Frequency Initial Angle Percent Of An
f, GHz 60, deg. 0.01 0.1

30 5 20.4116 8.8890 3
15 21.3403 5.1558 1

30 18.1930 2.7333 0.

45 17.9811 1.9337 0

25 5 9.7110 4.,2223  -0.
15 12.4790 2.9643 0.

30 11.0588 1.5502 -0.

45 11.2089 1.0960 -0.

22.235 5 12.7872 7.8882 4
15 12.5897 4.1245 1

30 10.5597 2.1477 0.

45 10.5282 1.5198 0

20 5 15.7496  11.3400 8
15 12.8575 5.2624 3

30 10.2361 2.7421 1

45 10.0430 1.9414 1

15 5 9.5122 6.1202 4
15 8.6521 2.9812 1

30 7.0097 1.5554 0

45 7.1753 1.0109 0

10 5 7.2795 3.6210 2
15 6.5769 1.7123 0

30 5.6639 0.8907 0

45 5.1589 0.6304 0.

Average Year, p
1.0 10 50

%
.2931 -1.0741 -2.5913
.1949 -0.4082 -0.9619
6175 -0.2156 -0.5033
4365 -0.1530 -0.3566

1861 -3.6977 -4.9234
1112 -1.3974  -1.8438

0653 -0.7337 -0.9657
0472 -0.5202 -0.6847
.1318 1.0732 0.0027
.5095 0.3905 0.0010
7844 0.2029 0.0005
.5551 0.1436 0.0004
.1060 5.4033 4.4552
.0071 2.0189 1.6741
.5698 1.0563 0.8772
.1118 0.7484 0.6216
.0114 2.0705 1.3859
.4733 0.7635 0.5146
.7674 0.3986 0.2692
.5433 0.2823 0.1908
.2486 1.0047 0.5638
. 8203 0.3684 0.2090
.4270 0.1922 0.1094
3022 0.1361 0.0775

*The nature of the Lorentz line shape is such that the phase-delay function in
the clear air becomes negative above the resonant frequency fq=22.235 GHz
(Liebe, 1969). This trend persists only until higher resonance frequencies
are approached and is analagous to the situation for higher frequencies shown

in figure 4.
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183 and 323 GHz. Further, clouds and precipitation continue to play a signif-
icant role. However, the problem of estimating the total attenuation, as in
(3), or the total phase delay,‘as in (4), is currently hampered by the fact
that water vapor is the most highly variable constituent of the atmosphere.
Further, there are not sufficient data at these frequencies to determine
empirically-defined coefficients for vertical structures, such as in (13a).
Nevertheless, we can determine the corresponding attenuation and phase delay
coefficients (in dB/km and rad/km).

3.1. Clear-Sky Effects
When the dispersive phase-delay coefficient, A¢NW in radians/km, caused
by water vapor is given by the Lorentz line-shape formula (Liebe, 1969), a
simple relationship,

(£,-5)
By (£) = BMbyo(£) = Ay (£) = ggge— (D) . (21)
w (o}

can be established between:
aw(f), the attenuation coefficient in dB/km;

A¢N (f), the portion of the dispersive phase delay caused by

° atmospheric oxygen; and

A¢N(f), the total dispersive phase-delay coefficients in radians/km.

However, one of the most straightforward formulations for attenuation Tw(f)
is that of Ulaby and Straiton (1970) who do not use the Lorentz formulation.
Instead they use the Van Vleck-Weiskopf line-shape formulation. Nonetheless
it is assumed here that the Van Vleck-Weiskopf line-shape formulation for the
attenuation of Ulaby and Straiton (1970) can be used in conjunction with
(21) to predict A¢Nw(f) due to water vapor in the 130 to 350 GHz region.
The oxygen—caused phase-delay and attenuation coefficients A¢N (f) and ao(f),
can be obtained directly from expressions given by Ott and Tho%pson (1976) .
Therefore, we ‘have established procedures for predicting the values of
the A¢N(f), the qw(f), and the ao(f) for the 50 to 350 GHz frequency region.
Figures 3 and 4 show the results of calculations for a location having a
surface pressure of 1013.25 mb (sea level), a surface temperature of 20°C, and
a surface relative humidity of 43 percent. Figure 3 shows the sum of the two
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The clear-sky attenuation coefficient (dB/km) due to gaseous
absorption (by water vapor and oxygen) at sea level. The
temperature is 20°C, the water vapor density is 7.5 g/m3.

Figure 3.
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attenuations ao(f) and aw(f) over a surface link 1 km long; i.e. decibels of
attenuation per kilometer versus frequency. Figure 4 shows the dispersive
phase delay A¢N(f) versus frequency, again over an assumed 1 km surface link
(or phase delay in radians per kilometer). Only residual effects of the
60 GHz oxygen resonance are noted in both figures near 80 GHz. Additionally,
the two water-vapor resonances have almost the same impact near their
respective resonances, whereas the 119 GHz oxygen resonance impact is far
less in both figures 3 and 4.

Recently Liebe and Gimmestad (1978) presented a detailed study of
clear-sky absorption properties. Their results are included in Figure 3

as a dashed-line curve.

3.2, Cloud Effects
The relatively straightforward formulations of section 2.2 for cloud
effects can be used, if we are in the so-called "Rayleigh" frequency region
(Bean et al., 1970). However, if we are in the '"Mie" region, the calcula-
tions become vastly more complicated. The Rayleigh approximations are

roughly applicable when
p £ <0.4 , (22)

where p is a precipitation drop (assumed spherical) radius in centimeters

and f is the radio frequency in gigahertz. For clouds, the situation is
ameliorated to mainly Rayleigh-region computations, provided (9a) is assumed.
Furthermore, if the largest frequency considered, 350 GHz, is used in (22),
then a radius p = 11.4 y is obtained. Combining this result with (9a), (9b),
(9¢), and (22), yields the result that approximately 96 percent of all the
cloud droplets satisfy (22), even at 350 GHz. The percentage would be larger
at lower frequencies. This implies that for even the thickest clouds (with
greater percentages of large drops) and highest frequencies, fhe Rayleigh
region can be assumed to hold for cloud-effect computations.

The attenuation coefficient ac(f) and the phase delay coefficient ¢c(f)
from (10) and (19b) are applicable through 350 GHz. Table III list some
typical values.

As mentioned previously in Section 2.2, Goldstein (1951) presented the

Debye formula as a good fit to data for frequencies up to about 30 GHz and
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Figure 4. The clear-sky dispersive phase-delay coefficient (rad/km) due
to gaseous absorption (by water. vapor and oxygen) at sea level.

The temperature is 20°C, and the water vapor density is 7.5 g/m3.
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TABLE III

Attenuation And Phase Delay Coefficients
Due To Clouds At 30°C

Frequency, f ac(f) @c(f)
(GHz) ' (dB/km) (rad. /km)
10 0.0211 0.0176
80 1.43 1.61
100 2.14 1.98
200 6.39 3.61
300 10.1 4.96
350 11.5 5.58

As mentioned previously in Section 2.2, Goldstein (1951) presented
the Debye formula as a good fit to data for frequencies up to about 30 GHz
and Ray (1972) has essentially "blended in" the EHF region by joining the
optical and SHF results. These refractive index results are illustrated
in Figure 5 for a droplet temperature of 30°C. The dashed lines are Ray's
(1972) results, and the solid lines are obtained from the Debye formula using
Goldstein's (1951) constants. Based on Ray's (1972) work, then, it has been
assumed in the cloud and rain effects computations made herein that the
Debye formulation for the dielectric constant of water applies from 80 to

350 GHz.

3.3 Rain Effects

Rain effects at microwave frequencies have been hypothesized and reported
at length (Dutton and Dougherty, 1973; Bean and Dutton, 1976; Dutton, 1977 a
and b), but these studies have been restricted to frequencies below 50 GHz.
It was concluded in section 4.3 that cloud impact on the direct transmission,
as given by the simple transfer function (1), could be treated by the Rayleigh
approximation (21). A similar assumption had been made in most of the rain
studies at SHF mentioned above. However, for rain studies at EHF, the com-
plete Mie formulations for raindrop scattering functions (Zuffery, 1972) must
be used. This has a profound impact on the magnitude of these effects,
which will be discussed in the following, as each effect is considered

individually. ”1
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The complex refractive index of water versus frequency. The
upper pair of curves are for the real term m'; the lower pair
of curves are for the imaginary term m'". The dashed-line
curves were determined by the Debye model (Goldstein, 1951);
the solid-line curves were determined from Ray's model (1972).

22



3.3.1. Phase Delay By Rainfall

From the classic Mie (1908) theory, Zuffery (1972) develops what is known
as the "forward scatter function" of a spherical water droplet impinged by
electromagnetic radiation. In an earlier expression, (12a), we introduced
the complex refractive index, m, of a water droplet. Through an infinite
series representation involving spherical Bessel and Hankel functions, the m
is related to the forward scattering function. When several of these water
droplets are assumed randomly "embedded" in a slab of the atmospheric medium
of length d&, the "equivalent" (or essentially average) increase, me(f), of
the refractive index of the medium over that for clear air can be obtained by
integrating over the forward scattering functions of all droplets in the slab.

The reader interested in the theoretical development is referred to
reports such as that by Rogers and Olsen (1976). The increase in the complex

index of refraction, me(f), can be expressed as
= m?! I |
me(f) me(f) 1me(f) . (23)

The real part of (23), mé(f), is directly related to the rain-caused phase
delay, @ (£) in (4), by |

6

— - L ]
@P(f)-lo kg i m! (£) 4%

o
where, again, ko is the free-space wavenumber at frequency £, @p(f) is in
radians, and df is the differential path length increment.

Results for a 1 km link with a surface rain rate of 60 mm/hr, a surface
temperature of 15°C, a surface pressure of 1000 mn, and a surface relative
humidity of 60° (roughly Washington, DC, for a .01% of an average year) are
shown in Figure 6. The dropsize distribution used to determine ¢p(f) is the
modified Marshall-Palmer distribution described in Section 2.3, The results,
unlike results at SHF, indicate that the phase-delay coefficient due to pre-
cipitation, ¢p(f) in rad/km, decreases rather dramatically with frequency.
Recalling Table III, the results for clouds increase with frequency rather
dramatically, implying that, at higher frequencies, the cloud effects could

indeed be the more important of the two as far as phase delay is concerned.
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The dispersive phase-delay coefficient (rad/km) due to rainfall
(60 mm/hr) for 0,01% of an average year at Washington, DC. The
surface pressure, temperature, and relative humidity are, res-
pectively 1000 mb, 15°C, and 60%.
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3.3.2. Attenuation By Rainfall
The imaginary part of (23), m;(f), is related to the rain-caused
attenuation, Tp(f), in (3) by

)
T, () = 1.82042x10° £ £ n'(5) ab (25)

where f is the frequency in gigahertz. Figure 7 shows this attenuation for

a 1 km link and the same conditions as in Figure 6; the values are plotted
from 10 to 300 GHz on the curve labeled 2. For the range 10 to 95 GHz, there
is a curve of attenuation labeled 1, based on the empirical SHF techniques
used in section 2.3. The two curves correspond reasonably closely to about

80 GHz, but then, at least for the remaining 15 GHz in common, the two curves
begin to diverge. Values from the theoretical curve labeled 2 thereafter tend
to plateau beyond. 95 GHz and even to decrease slightly above about 150 GHz.
Rain attenuation remains a more dominant effect than cloud attenuation. This
is in contrast with the situation observed in the previous section on phase

delay.

4, CONCLUSION

The simple atmospheric channel transfer function has been estimated for
the frequency range of 10 to 350 GHz. This has included the resonance effects
of the five prominant molecular resonances, two due to oxygen (in the vicin-
itities of 60 and 119 GHz) and three due to water vapor (in the vicinities of
22, 183, and 323 GHz). For frequencies below about 120 GHz, there is suffi-
cient empirical data and developed theory to permit estimates of the transfer
function for both terrestrial and earth/space systems. See Figures 1 and 2
and Tables I and II.

At higher ffequencies, the clear-sky attenuation and phase is primarily
due to absorption by water vapor. This is the most variable constituent
(temporally and spatially) of the gaseous atmosphere. Further its significance
for microwaves (attenuation and phase delay) is dependent upon pressure and
temperature, which are also highly variable conditions in the atmosphere. See
Figures 3 and 4.

The attenuation and phase delay by clouds are determined from relatively
straightforward Rayleigh-region formulation, increasing monotonically with

frequency over the range from 10 to 350 GHz. See Table III.
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Figure 7. The attenuation coéfficient (dB/km) for rainfall (60 mm/hr) for 0.01% of an average year

at Wash., DC. The conditions are as for Figure 6. The curve labeled 1 is based upon
empirical formulations of the vertical structure. The curve labeled 2 is theoretical.




The attenuation by rainfall, which tend to increase monotonically
with frequency to about 80 GHz, plateaus over the region of 80 to 350 GHz.
See Figures 2 and 7. However, the phase delay of microwaves caused by
rainfall appears to peak at about 35 GHz and then decrease monotonically

with frequency thereafter (see Figure 6).
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